INTRODUCTION
============

Atherosclerotic plaques form preferentially in regions of disturbed blood flow, such as arterial curvatures, branch points, and bifurcations. Endothelial cells sense frictional shear stress generated by blood flow and convert these forces into intracellular biochemical signals that regulate endothelial cell function ([@B20]). Models of disturbed flow, such as low flow or oscillatory flow, promote endothelial permeability, activate the proinflammatory transcription factor NF-κB, and induce the expression of proinflammatory proteins involved in monocyte recruitment, such as ICAM-1 and VCAM-1 ([@B20]). In contrast to disturbed flow, prolonged laminar flow generated in relatively straight regions of the vasculature stimulates production of the vasodilator nitric oxide (NO) and concomitantly reduces endothelial permeability and proinflammatory gene expression ([@B20]; [@B1]). In addition to vasodilation, NO can limit NF-κB activation and block leukocyte adhesion to the endothelium, indicating that shear stress--induced NO production suppresses atherogenic endothelial activation ([@B10]; [@B23]). Of interest, endothelial cells show similar initial responses to laminar and disturbed flow, including both NF-κB activation and proinflammatory gene expression ([@B20]; [@B9]). However, laminar flow abrogates these proinflammatory responses at later times as the cells adapt and align to laminar flow. In contrast, disturbed flow does not cause endothelial alignment and induces the sustained activation of proinflammatory responses, suggesting that disparate cellular adaptation to flow may underlie the differential inflammatory response ([@B30]; [@B20]).

The p21-activated kinase (PAK) family of Ser/Thr kinases mediates several of the endothelial cell responses to shear. Shear stress activates PAK signaling in endothelial cells in culture, and regions of disturbed flow in vivo show elevated levels of PAK activation concomitant with enhanced proinflammatory gene expression and initiation of atherogenesis ([@B31]; [@B15]). Inhibiting PAK signaling blunts endothelial permeability ([@B31]), JNK and NF-κB activation ([@B28]; [@B19]), and proinflammatory gene expression ([@B28]) both in response to shear stress in vitro and at sites of disturbed flow in apolipoprotein E (ApoE)--knockout mice in vivo. Taken together, these data suggest a central role for PAK signaling in shear stress--induced endothelial cell activation and early atherogenesis.

Shear stress activates PAK through the integrin family of extracellular matrix receptors ([@B15]). However, integrin-specific signaling on different extracellular matrix proteins profoundly affects this response. On transitional matrix proteins such as fibronectin and fibrinogen, shear stress promotes PAK signaling, NF-κB activation, and ICAM-1/VCAM-1 expression ([@B30], [@B31], [@B28]). On basement membrane proteins (collagen IV, laminin), shear stress activates protein kinase A (PKA), which suppresses PAK and NF-κB activation ([@B30], [@B31], [@B28]). Transitional matrix deposition occurs early during atherogenesis in vivo concomitant with endothelial cell proinflammatory responses ([@B30]), and preventing fibronectin matrix assembly with peptide inhibitors can blunt endothelial ICAM-1 and VCAM-1 expression in carotid ligation models ([@B8]). Furthermore, genetic deletion of plasma fibronectin in ApoE-deficient mice reduces PAK and NF-κB activation as well as ICAM-1 expression at sites of disturbed flow, thereby hindering early atherosclerotic plaque formation ([@B34]).

The mechanisms mediating matrix-specific PAK activation remain poorly understood. Activation of group 1 PAK isoforms (PAK1/2/3) involves both membrane targeting and relief of autoinhibition by small GTPases ([@B24]; [@B25]). The scaffolding protein Nck recruits PAK to the plasma membrane by binding a proline-rich region in the N-terminus of PAK ([@B24]). At the plasma membrane, interaction with active GTP-bound Rac and cdc42 relieves the autoinhibition and stimulates PAK autophosphorylation in the kinase domain and autoinhibitory domain, resulting in PAK activation ([@B2]). Whereas Rac is required for shear stress--induced PAK activation, shear stress--induced Rac activation is similar on basement membrane proteins and transitional matrices ([@B15]). Cells in suspension limit PAK activation by blocking the PAK--Nck interaction ([@B21]), but this mode of PAK regulation has not been demonstrated in adherent cells. Thus we sought to determine whether basement membrane proteins affect the PAK--Nck interaction to limit shear stress--induced endothelial cell activation and analyze the role of PKA in this response.

RESULTS
=======

Matrix regulates PAK/Nck association and PAK targeting to cell membrane
-----------------------------------------------------------------------

To determine how PAK activation is regulated, we first characterized which group 1 PAK isoforms are expressed in macrovascular endothelial cells. Both protein and mRNA analysis show that PAK2 is the dominant class 1 PAK isoform expressed in human aortic, coronary artery, and umbilical vein endothelial cells, as well as in bovine aortic endothelial cells (Supplemental Figure S1, A and B). To test whether matrix composition affects PAK2 membrane targeting, we exposed endothelial cells plated on basement membrane proteins or the transitional matrix protein fibronectin to shear stress and assessed PAK2 translocation to the membrane fraction. Whereas fibronectin supports shear stress--induced PAK2 membrane targeting, endothelial cells on basement membrane proteins showed no shear-induced PAK2 translocation to the membrane ([Figure 1A](#F1){ref-type="fig"}). Consistent with an important role for Nck in PAK2 membrane translocation, shear stress significantly enhanced the interaction between PAK and Nck in endothelial cells on fibronectin but not in cells on basement membrane proteins as determined by coimmunoprecipitation ([Figure 1B](#F1){ref-type="fig"}).

![Matrix controls Nck-dependent PAK2 membrane targeting through PAK2 Ser-20 phosphorylation. (A) BAECs on basement membrane proteins (BM) or fibronectin (FN) were sheared for 15 min, and PAK2 levels in cytosolic and membrane fractions were analyzed by Western blotting. Results are normalized to α5 integrin levels in the membrane fraction. Representative immunoblots are shown. *n* = 3. (B) Coimmunoprecipitation of Nck in PAK2 immunoprecipitates was determined by Western blotting and normalized to PAK2 levels in the pull downs. Representative immunoblots are shown. *n* = 3 (C) Endothelial cells on BM or FN were sheared for the indicated times, and Ser-20 phosphorylation was determined by immunoblotting. Values are means ± SE, *n* = 3. \**p* \< 0.05 compared with static condition, ^\#^*p* \< 0.05 comparing matrices. (D) HAECs plated on either BM or FN were exposed to oscillatory shear stress (OSS) for 18 h, and Ser-20 phosphorylation was determined as in C. Values are means ± SE, *n* = 4. (E) BAECs expressing a multiepitope (ME)-tagged PAK2 construct or a S20A mutant were plated on basement membrane proteins and sheared for 30 min. PAK2 phosphorylation on Ser-141 corresponding to PAK activation was then assessed by Western blotting. Representative blots and mean densitometry values for PAK Ser-141 phosphorylation are shown. *n* = 3. \**p* \< 0.05.](398fig1){#F1}

The Nck-binding proline-rich sequence in the N-terminal regulatory domain of PAK contains several putative phosphorylation sites. Because phosphorylation of Ser-21 in PAK1 abrogates the interaction of PAK and Nck ([@B40]), we hypothesized that shear stress--induced signaling on basement membrane proteins prevents the PAK--Nck interaction through enhanced phosphorylation within the Nck-binding domain. To test this, we analyzed whether matrix composition affected shear stress--induced PAK2 phosphorylation on Ser-20, analogous to the Ser-21 site on PAK1. Consistent with reduced Nck binding, shear stress stimulated PAK2 Ser-20 phosphorylation on basement membrane proteins but not on fibronectin ([Figure 1C](#F1){ref-type="fig"}). Similarly, endothelial cells exposed to 18 h of oscillatory flow showed enhanced PAK2 Ser-20 phosphorylation on basement membrane proteins compared with fibronectin ([Figure 1D](#F1){ref-type="fig"} and Supplemental Figure S1C). To verify the inhibitory nature of PAK2 Ser-20 phosphorylation, we created a PAK2 S20A point mutant that lacks the ability to be phosphorylated on Ser-20. Expression of PAK2 S20A rescued shear stress--induced PAK2 activation (Ser-141 phosphorylation) in endothelial cells on basement membrane proteins, whereas wild-type PAK2 did not ([Figure 1E](#F1){ref-type="fig"}).

Shear stress induces PKA-dependent PAK2 serine 20 phosphorylation on basement membrane proteins
-----------------------------------------------------------------------------------------------

Previous results demonstrated that PKA signaling was required to limit shear-induced PAK activation on basement membrane proteins ([@B15]). Therefore we next characterized PKA's role in shear stress--induced PAK2 Ser-20 phosphorylation. Consistent with PKA-dependent PAK2 inhibition, treatment with the PKA inhibitors PKI and H89 significantly blunted shear-induced Ser-20 phosphorylation ([Figure 2A](#F2){ref-type="fig"} and Supplemental Figure S2A). Knockdown of the PKA Cα catalytic domain (75% knockdown; Supplemental Figure S2B) rescued shear stress--induced PAK2 activation on basement membrane proteins ([@B15]) and significantly blunted shear-induced PAK2 Ser-20 phosphorylation ([Figure 2B](#F2){ref-type="fig"}). Whereas PKA inhibition (PKI) enhanced shear stress--induced PAK2 activation ([Figure 2C](#F2){ref-type="fig"} and Supplemental Figure S2C), this rescue was completely abrogated by blocking the PAK--Nck interaction with membrane-permeable peptide corresponding to the Nck-binding sequence of PAK. Taken together, these data suggest that enhanced shear stress--induced PKA activation on basement membrane proteins promotes PAK2 Ser-20 phosphorylation, thereby limiting PAK activation.

![Shear stress--induced PAK2 Ser-20 phosphorylation is PKA dependent. (A) BAECs were treated with the PKA inhibitor PKI (20 μM) or H89 (5 μM) for 30 min before application of fluid shear stress (15 min), and Ser-20 phosphorylation was determined by immunoblotting. Values are means ± SE, *n* = 3. (B) Endothelial cells transfected with siRNA against PKA Cα were sheared for 15 min, and Ser-20 phosphorylation was determined. Values are means ± SE, *n* = 3. (C) Endothelial cells were treated with PKI (20 μM) in the absence or presence of the PAK--Nck blocking peptide (20 μg/ml), and shear stress-induced PAK2 activation was determined by Western blotting as previously described. *n* = 3.](398fig2){#F2}

Although PKA is required for shear-induced PAK2 Ser-20 phosphorylation, PKA could stimulate Ser-20 phosphorylation either directly or indirectly through other downstream signaling mediators. PKA can directly phosphorylate PAK1 in nonadherent cells on an undetermined site ([@B22]), but a similar phosphorylation of PAK2 has not yet been demonstrated. Therefore we expressed a recombinant multiepitope-tagged PAK2 construct in endothelial cells, immunoprecipitated recombinant PAK2, and performed an in vitro kinase assay using recombinant active PKA. Western blotting for phosphorylated PKA substrate sequences (RXXpT or RRXpS) illustrated an increase in PAK2 phosphorylation that was completely inhibited by the PKA inhibitor PKI, demonstrating that PKA does phosphorylate PAK2 directly in in vitro kinase assays (Supplemental Figure S3A). Furthermore, the residues surrounding PAK Ser-20 (RMSS^20^T) are similar to consensus PKA phosphorylation sites (RRXS and RXXT), and Western blotting with phospho--Ser-20 antibodies demonstrated a strong increase in PAK2 Ser-20 phosphorylation after PKA-mediated phosphorylation (Supplemental Figure S3B).

Basement membrane proteins enhance shear-induced NO production through PKA
--------------------------------------------------------------------------

PKA signaling is implicated in shear stress--induced NO production ([@B3]), and the NO-activated kinase protein kinase G (PKG) can phosphorylate the homologous Ser-21 site on PAK1 ([@B13]). Therefore, whereas PKA is capable of phosphorylating Ser-20 directly, PKA may mediate Ser-20 phosphorylation in intact cells through the downstream activation of NO/PKG signaling. To test this, we next assessed whether matrix composition affects shear stress--induced NO production. Endothelial cells on different matrix proteins were exposed to shear stress for 2 h, and total NO species production was determined using a Sievers NO analyzer. Of interest, shear stress significantly stimulated NO production in endothelial cells plated on basement membrane proteins but not in cells on fibronectin ([Figure 3A](#F3){ref-type="fig"}). A similar matrix-specific NO production was also observed when endothelial cells were treated with long-term (18 h) laminar or oscillatory flow ([Figure 3B](#F3){ref-type="fig"}), demonstrating that matrix composition significantly affects the ability of shear stress to induce NO production. The diminished NO production in cells on fibronectin is not due to decreased endothelial NO synthase (eNOS) expression, as fibronectin enhanced eNOS expression after chronic laminar and oscillatory flow (Supplemental Figure S4A).

![Basement membrane proteins promote flow-induced NO production. (A) BAECs on BM or FN were exposed to shear stress for 2 h, and NO species (NOx) were quantified using the Sievers NO analyzer via chemiluminescence and normalized to total protein levels in the lysates. *n* = 3. (B), Endothelial cells on BM or FN were subjected laminar shear stress (LSS) or oscillatory shear stress (OSS) for 18 h or maintained under static conditions. NOx levels were measured as described in A. *n* = 3. (C--F) Endothelial cells on either BM or FN were sheared for the indicated times, and eNOS phosphorylation on Ser-1179, Ser-635, and Thr-497 was determined by Western blotting. Results were normalized to GAPDH, and values shown are means ± SE. Representative images are shown in C. *n* = 3. \**p* \< 0.05 compared with static, ^\#^*p* \< 0.05 compared between matrices.](398fig3){#F3}

Shear stress promotes NO production in part through eNOS phosphorylation on several residues including Ser-1179 ([@B11]; [@B14]) and Ser-635 ([@B3], [@B5]). Consistent with matrix-specific NO production, shear stress induced eNOS Ser1179 ([Figure 3, C and D](#F3){ref-type="fig"}) and Ser-635 phosphorylation ([Figure 3, C and E](#F3){ref-type="fig"}) specifically in endothelial cells on basement membrane proteins. In addition, eNOS phosphorylation on Thr-497 reduces NO production ([@B7]), and endothelial cells on fibronectin show enhanced shear-induced phosphorylation of the inhibitory Thr-497 site, consistent with decreased eNOS activity ([Figure 3, D and G](#F3){ref-type="fig"}).

Published reports suggested that PKA signaling drives shear-induced eNOS phosphorylation on both Ser-635 and Ser-1179 ([@B3], [@B4]), and basement membrane proteins promote both shear stress--induced PKA activation ([@B15]) and NO production ([Figure 3, A and B](#F3){ref-type="fig"}). Consistent with these studies, the PKA inhibitors PKI and H89 were both sufficient to block shear stress--induced NO production ([Figure 4A](#F4){ref-type="fig"}) and eNOS Ser1179 phosphorylation ([Figure 4B](#F4){ref-type="fig"}) in endothelial cells on basement membrane proteins. However, PKA inhibitors did not block Ser-635 phosphorylation and even elevated Ser-635 phosphorylation under static conditions **(**Supplemental Figure S4B**)**. Together these data demonstrate that matrix-specific PKA signaling critically regulates shear stress--induced eNOS phosphorylation on Ser-1179 to control NO production.

![Enhanced NO production on basement membrane proteins is PKA dependent. (A) BAECs on BM were treated with PKI (20 μM, 15 min) or H89 (5 μM, 30 min) and sheared for 2 h, and NOx levels in cell lysates were determined using the Sievers NO analyzer via chemiluminescence and normalized to total protein levels in the lysates. *n* = 3. \**p* \< 0.05. (B) Endothelial cells were treated as in A and sheared for 30 min. eNOS phosphorylation on Ser-1179 was determined by Western blotting. Results were normalized to total eNOS, and values shown are means ± SE. *n* = 3. \**p* \< 0.05.](398fig4){#F4}

NO/PKG signaling is required for PAK2 inhibition on basement membrane proteins
------------------------------------------------------------------------------

To determine whether enhanced NO-dependent PKG signaling mediates PAK2 Ser-20 phosphorylation on basement membrane proteins, we next assayed whether inhibitors of NO/PKG signaling could blunt shear-induced PAK2 Ser-20 phosphorylation. The NO scavenger 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (CPTIO), the guanylate cyclase inhibitor 1H-\[1,2,4\]oxadi­azolo\[4,3-a\]quinoxalin-1-one (ODQ), and the PKG inhibitor KT-5823 were all sufficient to blunt shear-induced PAK2 Ser-20 phosphorylation ([Figure 5A](#F5){ref-type="fig"} and Supplemental Figure S5A) and rescue PAK activation (Ser-141 phosphorylation; [Figure 5B](#F5){ref-type="fig"} and Supplemental Figure S5A) in endothelial cells on basement membrane proteins. Consistent with the pharmacological inhibitor data, small interfering RNA (siRNA)--mediated eNOS knockdown also significantly blunted shear stress--induced PAK2 Ser-20 phosphorylation ([Figure 5C](#F5){ref-type="fig"}). Furthermore, inhibiting PKG signaling with KT-5823 rescued shear stress--induced PAK2 membrane translocation on basement mem­brane proteins ([Figure 5D](#F5){ref-type="fig"}) but did not affect shear stress--induced PKA activation ([Figure 5E](#F5){ref-type="fig"}). Therefore, although PKA can phosphorylate PAK2 Ser-20 directly in vitro, PKA activation is not sufficient for shear stress--induced PAK2 Ser-20 phosphorylation on basement membrane proteins and instead requires downstream PKA-dependent NO/PKG signaling. Taken together, these data suggest that enhanced shear-induced NO/PKG signaling on basement membrane proteins drives Ser-20 phosphorylation, thereby reducing PAK2 membrane translocation.

![NO/PKG inhibitors blunt PAK2 Ser-20 phosphorylation and rescue PAK activation. (A) BAECs were left untreated (NT) or treated with CPTIO (200 μM, 30 min), ODQ (10 μM, 30 min), or KT5823 (2 μM, 1 h). Cells were sheared for 15 min, and Ser-20 phosphorylation was determined. *n* = 4--7. (B) Endothelial cells were treated as in A, and PAK2 Ser-141 phosphorylation was determined. *n* = 3. (C) Endothelial cells were transfected with eNOS siRNA, plated on BM, and exposed to shear stress for 15 min. Ser-20 phosphorylation was determined as previously described. *n* = 3. (D) Endothelial cells treated with KT5823 as in A were sheared for 15 min and PAK2 membrane translocation determined. Results are normalized to α5 integrin levels in the membrane fraction. Representative immunoblots are shown. *n* = 3. (E) Endothelial cells on BM were treated with KT5823 as in A and exposed to shear stress for 15 min. PKA activity was determined by affinity precipitation and normalized to total PKA in cell lysates. Values are means ± SE, *n* = 3. \**p* \< 0.05.](398fig5){#F5}

PAK Ser-20 phosphorylation mediates the anti-inflammatory effect of NO/PKG signaling
------------------------------------------------------------------------------------

PAK2 critically mediates shear stress--induced NF-κB activation and proinflammatory gene expression, and a peptide inhibitor of the PAK--Nck interaction is sufficient to block shear-induced NF-κB activation in both in vitro and in vivo model systems ([@B28]). Given that blocking the NO/PKG pathway blunts Ser-20 phosphorylation and rescues PAK activation, we next asked whether endothelial cells on basement membrane proteins use the NO/PKG pathway to block PAK-dependent NF-κB activation. Addition of NO/PKG inhibitors (CPTIO, ODQ, KT5823) was sufficient to rescue shear stress--induced NF-κB activation in cells on basement membrane proteins ([Figure 6A](#F6){ref-type="fig"} and Supplemental Figure S5B). siRNA-mediated eNOS knockdown similarly rescued shear stress--induced NF-κB activation ([Figure 6B](#F6){ref-type="fig"}), suggesting that enhanced NO/PKG signaling on basement membrane proteins blunts proinflammatory signaling to NF-κB. Consistent with this concept, preventing PAK2 Ser-20 phosphorylation directly by transfecting endothelial cells with the PAK2 S20A mutant restored shear stress--induced NF-κB activation in cells on basement membrane proteins ([Figure 6C](#F6){ref-type="fig"}). Moreover, activation of PKG signaling with the cell-permeable cGMP analogue 8-CPT cGMP was sufficient to inhibit shear-induced NF-κB activation in endothelial cells on fibronectin ([Figure 6D](#F6){ref-type="fig"}), underscoring the importance of the NO/PKG pathway in the matrix-specific response to shear stress.

![Inhibiting NO/PKG signaling rescues shear stress--induced NF-κB activation on basement membrane proteins. (A) BAECs were treated with CPTIO (200 μM, 30 min), ODQ (10 μM, 30 min), or KT5823 (2 μM, 1 h) and sheared for 30 min. NF-κB activation was determined by Western blotting cell lysates for p65 Ser-536 phosphorylation. Results were normalized to GAPDH, and values shown are means ± SE, *n* = 3. (B) Endothelial cells were transfected with eNOS siRNA, plated on basement membrane proteins, and exposed to shear stress for 15 min. p65 phosphorylation was determined as in A, *n* = 3. (C) Endothelial cells expressing ME-PAK2 or the mutant S20A ME-PAK2 were exposed to shear stress for 30 min, and NF-κB activation was determined as previously described. Representative Western blots are shown. *n* = 3. (D) Endothelial cells plated on fibronectin were treated with 8-CPT-cGMP (200 μM, 1 h), and shear stress--induced NF-κB activation was determined. Values are means ± SE, *n* = 3. \**p* \< 0.05.](398fig6){#F6}

To further confirm that PKG prevents NF-κB activation by blocking the PAK-Nck interaction, we treated endothelial cells on basement membrane proteins with the PKG inhibitor KT5823 in the absence or presence of the membrane-permeable PAK--Nck blocking peptide. The enhanced shear stress--induced NF-κB activation in cells treated with PKG inhibitors was completely blocked by competing away the PAK-Nck interaction ([Figure 7A](#F7){ref-type="fig"}). In addition, enhanced shear-induced ICAM-1 expression after PKG inhibition was similarly abrogated by the PAK--Nck peptide ([Figure 7B](#F7){ref-type="fig"}), suggesting that KT5823 rescues NF-κB activity by promoting the PAK--Nck interaction. To verify that proinflammatory responses are altered under these conditions, we performed monocyte adhesion assays in human aortic endothelial cell (HAECs) treated with KT5823 and the PAK--Nck peptide before stimulation with shear stress. Consistent with signaling and gene expression data, adhesion of THP-1 monocytes was significantly enhanced in KT5823-treated cells exposed to shear stress ([Figure 7, C and D](#F7){ref-type="fig"}), and this enhanced adhesion was completely repressed by pretreating cells with the PAK--Nck inhibitory peptide. Taken together, these data demonstrate that PKG regulates shear stress--induced NF-κB activation by controlling the interaction between PAK2 and Nck.

![Blocking the PAK--Nck interaction prevents inflammatory signaling after PKG inhibition. (A) BAECs plated on basement membrane proteins were treated with KT5823 (2 μM) in either the absence or presence of the membrane-permeable, Tat-tagged PAK--Nck blocking peptide (20 μg/ml). Cells were then exposed to shear stress for 30 min, and NF-κB activation was determined. *n* = 3. (B) HAECs treated as in A were exposed to shear stress for 3 h to induce proinflammatory gene expression. ICAM-1 mRNA expression was determined by qRT-PCR and normalized to B2M mRNA levels. n = 3. \*p \< 0.05. (C) HAECs treated as in A were exposed to shear stress for 5 h, and the adhesion of Cell Tracker Green--labeled THP-1 monocytes was determined in static adhesion assays. Representative images are shown. (D) Monocyte adhesion in C was quantified by lysing cells in 100 mM NaOH and quantifying fluorescence in a plate reader. Results are normalized to total monocyte number (bound plus unbound) and expressed as a fold change compared with untreated cells under static conditions. Values are means ± SE, *n* = 3. \**p* \< 0.05.](398fig7){#F7}

DISCUSSION
==========

These data strongly support the hypothesis that matrix remodeling plays a major role in endothelial cell activation during early atherogenesis. Previous work demonstrated that basement membrane proteins actively suppress shear stress--induced endothelial cell activation through PKA-dependent PAK inhibition ([@B15]). In this work, we demonstrate that PKA accomplishes this by inhibiting PAK membrane targeting through NO/PKG-dependent PAK2 Ser-20 phosphorylation. In addition, we demonstrate that shear stress does not significantly stimulate NO production in endothelial cells plated on the transitional fibronectin matrix resulting in enhanced activation of PAK and NF-κB. These data illustrate a novel role for matrix composition in shear stress--induced NO production and identify a novel anti-inflammatory mechanism of NO/PKG signaling by inhibiting the PAK--Nck interaction and PAK-dependent NF-κB activation ([Figure 8](#F8){ref-type="fig"}).

![Model for PKG-mediated PAK2 Ser-20 phosphorylation and loss of PAK--Nck binding on basement membrane proteins.](398fig8){#F8}

The interaction between PAK and Nck has long been associated with PAK activation. Membrane targeting of Nck's second SH3 domain stimulates PAK activation directly through a Rho GTPase-dependent pathway ([@B24]; [@B25]), suggesting that efficient PAK activation requires both membrane translocation (Nck dependent) and relief of autoinhibition (Rac/cdc42 dependent). However, data suggesting PAK activation can be regulated at the level of Nck binding are limited. PAK inactivation in cells in suspension is associated with reduced PAK--Nck interactions and enhanced PAK phosphorylation near the Nck-binding site ([@B21]). Whereas PAK2 Ser-20 phosphorylation is a site of weak autophosphorylation ([@B39]; [@B41]), phosphorylation at this site is more strongly induced by Akt and PKG, resulting in PAK detargeting out of focal adhesions ([@B41]; [@B13]). Therefore the transphosphorylation of inactive PAK by other kinases may limit its Nck-dependent targeting to the plasma membrane and prevent its activation. Furthermore, inhibiting the PAK--Nck interaction is sufficient to reduce NF-κB activation and vascular permeability at sites of disturbed flow ([@B31], [@B28]), suggesting that the intrinsic regulation of PAK--Nck interactions by intracellular signaling pathways may serve to limit PAK-associated endothelial cell activation in vivo. Whereas loss of the PAK--Nck interaction is known to contribute to anchorage-dependent growth ([@B21]), our data provide the first evidence that the PAK--Nck interaction serves as a regulatory step in PAK activation in adherent cells.

Basement membrane proteins promote PAK2 Ser-20 phosphorylation through enhanced eNOS activation and NO production ([Figure 3](#F3){ref-type="fig"}). Whereas this work is the first to show that shear stress--induced eNOS activation is matrix specific, other groups have reported that matrix composition affects endothelial NO production. Specifically, [@B16]) found that endothelial cells plated on the basement membrane component collagen IV produced more NO than cells on collagen I and this effect was integrin dependent. [@B38]) reported that endothelial cell attachment to fibronectin decreases eNOS gene expression and activity. Although we did not see a decrease in basal NO production or eNOS expression in endothelial cells on fibronectin, attachment to fibronectin significantly blunted shear stress--induced NO production, underscoring the importance of cell--matrix interactions in the endothelial response to shear. However, our data suggest that fibronectin diminishes NO production despite enhancing eNOS expression levels, potentially due to negative feedback of the NO/PKG pathway on NF-κB. Shear stress--induced eNOS expression requires NF-κB activation, and preventing NO production with L-NAME enhances both shear stress--induced NF-κB activation and eNOS expression ([@B17]).

The signaling pathways upstream of eNOS activation are highly context and stimulus specific, with multiple signaling pathways implicated in shear stress--induced NO production. Although Akt represents the best-characterized signaling pathway upstream of eNOS, the current data suggest that Akt may play a larger role in eNOS phosphorylation by vascular endothelial growth factor (VEGF) than shear stress. Early work used phosphoinositide (PI) 3-kinase inhibitors and dominant-negative constructs to prove that Akt mediates shear-induced eNOS activation ([@B11]; [@B14]). However, PI 3-kinase inhibitors also block shear stress--induced integrin activation, suggesting that PI 3-kinase inhibitors may similarly block downstream activation of PKA in cells on basement membrane proteins ([@B31]). Dominant-negative Akt blocks VEGF-induced eNOS phosphorylation but not shear stress--induced eNOS phosphorylation, whereas the PKA inhibitor H89 blocks shear stress--induced eNOS phosphorylation but not eNOS phosphorylation by constitutively active Akt ([@B3]). Overexpression of mutant Gab1 constructs independently inhibit either shear-induced Akt activation or eNOS phosphorylation, suggesting that the two pathways are not mechanistically coupled ([@B12]).

Endothelial NO production has both positive and negative effects on NF-κB--dependent proinflammatory gene expression. NF-κB promotes the expression of multiple NO synthase isoforms, including both eNOS and inducible NOS, and low levels of NO enhanced tumor necrosis factor α (TNFα)--induced NF-κB activation and inflammatory gene expression ([@B10]; [@B23]; [@B37]). However, higher levels of NO can reduce both NF-κB DNA binding, an effect partially mediated by S-nitrosylation of Cys62 on the p50 subunit of NF-κB ([@B27]; [@B37]), and reduced degradation of the NF-κB inhibitor IκBα ([@B6]). In contrast to NO, only a few studies have linked protein kinase G signaling to inflammatory responses. Activation of cGMP/PKG signaling is not required for the inhibitory effect of NO on TNFα-induced NF-κB activation ([@B36]); however, the mechanisms used by flow and TNFα to stimulate NF-κB differ substantially. PKG signaling was recently found to inhibit diabetes-associated inflammation in both cell culture and animal model systems ([@B33]; [@B26]), but the mechanisms by which PKG limits inflammation have not been determined. Our data suggest that NO and PKG mediate a portion of their anti-inflammatory effects through PKG-dependent PAK2 Ser-20 phosphorylation and inhibition of the PAK--Nck interaction.

Multiple recent reports illustrate a complex interaction between the Rac/PAK pathway and NO/PKG signaling. Rac1 haploinsufficient mice show reduced eNOS expression and activity and impaired vasodilation ([@B35]). Both treatment with a Rac1 inhibitor and expression of dominant-negative Rac1 reduced eNOS mRNA transcription, as did expression of a dominant-negative PAK1 construct (K299R). Consistent with this, we found that shear stress--induced eNOS expression (but not activity) was enhanced in endothelial cells on fibronectin where PAK activity is highest (Supplemental Figure S4A). Rac1 stimulates transmembrane guanylate cyclase activation through a direct interaction of guanylate cyclase with active PAK1 or PAK2 in CHO cells ([@B18]). However, Rac/PAK signaling did not stimulate activation of NO-sensitive soluble guanylate cyclases in these experiments. Our data suggest that a novel negative feedback relationship exists between these two pathways, as Rac/PAK signaling promotes NF-κB--dependent eNOS expression, whereas eNOS-dependent NO production limits PAK activation by uncoupling the PAK--Nck interaction.

MATERIALS AND METHODS
=====================

Cell culture, transfection, and flow apparatus
----------------------------------------------

Bovine aortic endothelial cells (BAECs) were cultured in DMEM containing 10% fetal bovine serum (FBS), 2 mM glutamine, 10 U/ml penicillin, and 10 μg/ml streptomycin (Gibco, Life Technologies, Carlsbad, CA) and were used between passages 6 and 12. HAECs were cultured in MCDB 131 containing 10% FBS, 2 mM glutamine, 10 U/ml penicillin, 10 μg/ml streptomycin (Gibco), 60 μg/ml heparin, and bovine brain extract (24 μg/ml) and were used between passages 6 and 10. Glass slides were coated with basement membrane extract (Matrigel, 1:50 dilution; BD Biosciences, San Diego, CA) or fibronectin (10 μg/ml) overnight at 4°C. Slides were then blocked in 0.2% denatured bovine serum albumin for 30 min. Cells were plated in low-serum-containing media (0.2--1.0% FBS) and exposed to onset of laminar flow (12 dynes/cm^2^) or oscillatory flow (±5 dynes/cm^2^ with 1 dyne/cm^2^ superimposed) using parallel-plate flow apparatus with the environment maintained at 37°C and 5% CO~2~ perfused into the system as previously described ([@B30], [@B28]). H89 and PKI were purchased from Tocris Bioscience (Ellisville, MO), CPTIO was purchased from Sigma-Aldrich (St. Louis, MO), and ODQ was purchased from Cayman Chemical Company (Ann Arbor, MI). The ME-PAK2 construct (gift from Herma Renkema, University of Tampere, Tampere, Finland) underwent site-directed mutagenesis to change the serine 20 site to an alanine residue using the QuikChange II Site Directed Mutagenesis Kit according to manufacturer's protocol (Stratagene, Santa Clara, CA). BAECs were transfected with PKA Cα siRNA (10 nM for 24 h; Cell Signaling Technology, Beverly, MA), eNOS SMARTpool (25 nM for 48 h; Dharmacon, Lafayette, CO), ME-PAK2, and ME-PAK2 S20A using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)).

Cytosol/membrane fractionation
------------------------------

To separate the cytosolic and membrane fractions, cells were washed once in ice-cold phosphate-buffered saline (PBS) and lysed in 250 μl of buffer containing 20 mM Tris, pH 7.5, 2 mM 2-mercaptoethanol, 5 mM ethylene glycol tetraacetic acid (EGTA), 2 mM EDTA, and 1× protease inhibitor cocktail (RPI, Mount Prospect, IL). Lysates were collected and spun for 30 min at 15,000 × *g* at 4°C. Supernatant was then collected as the cytosolic fraction. The remaining pellet was resuspended in 150 μl of buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 10 mM NaF, 2 mM Na~3~VO~4~, and 1× protease inhibitor and spun for 30 min at 13,000 × *g* at 4°C. Supernatant was taken as the membrane fraction. Western blots were probed for PAK2, and the efficiency of fractionation was checked by blotting for α5 integrin (membrane fraction) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cytosolic fraction).

Immunoblotting
--------------

Cell lysis and immunoblotting was performed as previously described ([@B29]). Antibodies used included rabbit anti--phospho-PAK2 (Ser-20), rabbit anti--NF-κB (p65 subunit, s536), rabbit anti-PAK2, rabbit anti-PAK1/2/3 (Cell Signaling Technology), rabbit anti--phospho-PAK (Ser-141; Invitrogen), rabbit anti-ERK1/2, rabbit anti--PKA Cα, rabbit anti--phospho-PKA substrate, and mouse anti-Myc (Santa Cruz Biotechnology, Santa Cruz, CA). Densitometry was performed using ImageJ software (National Institutes of Health, Bethesda, MD).

Quantitative real-time PCR
--------------------------

mRNA was extracted using TRIzol (Invitrogen) per manufacturer's instructions, and cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative real-time (qRT)-PCR was performed in a Bio-Rad iCycler using SYBR Green Master mix (Bio-Rad), and results were normalized to GAPDH or β2-microglobulin using the 2ddCt method. Primer sequences are listed in Supplemental Table S1.

Immunoprecipitation and PAK kinase assay
----------------------------------------

Cells were lysed with immunoprecipitation lysis buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 1% Triton X-100, 0.5% IGEPAL, 100 μM PMSF, and protease and phosphatase inhibitor cocktails \[RPI\]) and centrifuged at 15,000 rpm for 15 min at 4°C. Supernatant was incubated with either mouse anti-Myc antibody or rabbit anti-PAK2 overnight for 2 h (respectively) at 4°C. Gamma-bind G or protein A--Sepharose beads were incubated with supernatant for 2 h. Beads were pelleted by brief centrifugation and rinsed three times with lysis buffer. Immunoprecipitated proteins were recovered by resuspended the beads with 2× SDS sample buffer. ME-PAK2 expressed in BAECs was immunoprecipitated as previously described, and beads were washed twice with 500 μl of kinase reaction buffer (50 mM Tris, pH 7.4, 25 mM MgCl, 4 mM EGTA, 150 μM NaVO~4~, 1 mM dithiothreitol, 500 μM ATP). After the final wash, 0, 1, and 5 ng of recombinant PKA catalytic subunit and 50 μl of kinase reaction buffer were added and incubated for 30 min at 30°C. Reactions were stopped by adding 20 μl of 6× Laemmli buffer. Samples were boiled at 95°C for 10 min, centrifuged at 15,000 rpm for 5 min, and stored at −20°C before analysis by Western blotting for phospho-PKA substrate and anti--phospho-PAK2 (Ser-20). Active PKA pull-down assays were performed as previously described using GST-PKI pseudosubstrate affinity pull downs ([@B32]; [@B15]).

Nitric oxide species analysis
-----------------------------

Reductive acidic triodiode (KI/I3)--based chemiluminescence was used on a Sievers NO analyzer to examine NOx concentrations in samples. Samples were lysed in a nitrite-preserving buffer (0.8 M K~3~Fe(CN~6~), 100 mM NEM, 10% NP-40). They were then injected into a purge vessel containing a solution with potassium iodide (66.8 mM), iodine (28.5 mM), and acetic acid (78% \[vol/vol\]). Signals were integrated and compared with sodium nitrite standard curves to calculate concentrations. Background levels of NOx were measured in all buffers and reagents, which were subtracted from sample NOx values and normalized to total protein.

Monocyte adhesion assay
-----------------------

Human THP-1 monocytes were labeled with Cell Tracker Green (Invitrogen) according to manufacturer's protocol. Monolayers of HAECs were treated as described, and (5.0--7.0) × 10^6^ monocytes were added per shear stress slide. Monocytes were allowed to attach for 15 min at 37°C in Hank's balanced salt solution containing calcium and magnesium. Supernatant and two washes were collected as nonbound fraction in a microcentrifuge tube. Bound and nonbound monocytes were then lysed in 100 mM NaOH, and monocytes were quantified by measuring Cell Tracker Green fluorescence at 488 nm in a FLUOStar fluorescence plate reader. Results were normalized to unbound fraction and expressed as a fold change compared with untreated static cells.

Statistical analysis
--------------------

Statistical comparisons between groups were performed using Prism software (GraphPad Software, La Jolla, CA), using Student's *t* test, one-way analysis of variance (ANOVA) with Newman--Keuls posttest, or two-way ANOVA with Bonferroni posttests. Error bars indicate SEs.
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ApoE

:   apolipoprotein E

BAEC

:   bovine aortic endothelial cell

BM

:   basement membrane

CPTIO

:   2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide

eNOS

:   endothelial nitric oxide synthase

FN

:   fibronectin

HAEC

:   human aortic endothelial cell

NO

:   nitric oxide

ODQ

:   1H-\[1,2,4\]oxadiazolo\[4,3-a\]quinoxalin-1-one

PAK

:   p21-activated kinase

PKA

:   protein kinase A

PKG

:   protein kinase G
